TiN/Ta multilayer film with a modulation period of 5.6 nm and modulation ratio of 1 : 1 was produced by ion beam assisted deposition. Microstructure of the as-deposited TiN/Ta multilayer film was observed by transmission electron microscopy and mechanical properties were investigated. Residual stress in the TiN/Ta multilayer film was about 72% of that of a TiN monolayer film with equivalent thickness deposited under the same conditions. Partial residual stress was released in the Ta sublayers during deposition, which led to the decrease of the residual stress of the TiN/Ta multilayer film. Nanohardness (H) of the TiN/Ta multilayer film was 24 GPa, 14% higher than that of the TiN monolayer film. It is suggested that the increase of the nanohardness is due to the introduction of the Ta layers which restrained the growth of TiN crystal and led to the decrease of the grain size. A significant increase (3.5 times) of the 3 / 2 (E elastic modulus) value indicated that the TiN/Ta multilayer film has higher elasticity than the TiN monolayer film. The L (critical load in nano-scratch test) value of the TiN monolayer film was 45 mN, which was far lower than that of the TiN/Ta multilayer film (around 75 mN). Results of the indentation test showed a higher fracture toughness of the TiN/Ta multilayer film than that of the TiN monolayer film. Results of differential scanning calorimetric (DSC) and thermo gravimetric analysis (TGA) indicate that the TiN/Ta multilayer film has better thermal stability than the TiN monolayer film.
Introduction
TiN thin film has been widely used for bearings, gears, and cutting tools due to its high hardness, good wear resistance, and anticorrosion performance. However, due to the relatively large residual stress and weak fracture toughness, TiN film cannot meet the more stringent requirements in many cases. Multilayer films have attracted great attention in recent years [1] because of their promising properties [2] . Much of the work has been focused on multilayer films based on TiN [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In recent years, TiN/metal multilayer films such as TiN/Ti [11] [12] [13] [14] , TiN/Cu [15] , and TiN/W [16] have been extensively studied. Multilayer films of nitride/metal may have a higher hardness than the nitride itself, although the metal is relatively soft. The possible explanation is that periodic addition of the metals may restrain the crystal growth of the nitrides. It is well known that decrease of crystallite size of a film may lead to the increase of the hardness [11] . This is one of the important reasons that the hardness of multilayer films was higher than that of monolayer films of the same total thickness in some cases. Moreover, ductility may be improved and residual stress may relax due to the addition of pure metals since the ductile metal layers between nitride layers may dissipate energy through plastic deformation, resulting in the increase of bonding strength [17] .
Subramanian et al. [14] deposited TiN/Ti multilayer film of 200 layers with the total thickness of 1.5 m by reactive DC magnetron sputtering. The measured hardness was 13.73 GPa for the TiN monolayer film and 25.52 GPa for the TiN/Ti multilayer film. Abadias et al. [15] produced TiN/W multilayer films at room temperature by using ion beam sputtering. An increase in hardness was observed with decreasing modulation period, and the maximum value was 24.2 GPa. High bonding strength of TiN/W multilayer films was also reported in their paper [15] .
Bulk tantalum has excellent physical and chemical properties such as good ductility, high melting point (2996 ∘ C), and relatively low thermal conductivity (57 W/m⋅K at 20 ∘ C) K a u f m a n s p u t t e r i n g s o u r c e K a u f m a n s p u t t e r i n g s o u r c e
To pumps Substrate Target Figure 1 : Schematic of the ion beam assisted deposition system. [18] . Ta films deposited by physical vapor deposition have been used to protect large caliber military gun tubes [18] [19] [20] [21] [22] . Kang et al. produced Ta/TaN multilayer films on a high speed steel substrate by reactive sputtering and achieved a microvickers hardness of 2700 kgf mm −2 [23] . They pointed out that the interlocking between Ta and TaN in the interface became stronger as the modulation period decreased, and the bonding strength between them increased.
In the present work, TiN/Ta multilayer film was produced by introducing Ta sublayer to TiN film. Microstructure and mechanical properties of TiN/Ta multilayer film were investigated.
Experimental
Ion beam assisted deposition is an effective technique to prepare nanoscale films because the deposition parameters, such as beam current, beam energy, and ion flux, can be easily controlled. In the present study, an ion beam assisted deposition system was used to deposit TiN/Ta multilayer film. The schematic diagram of the system is shown in Figure 1 . The system consists of three Kaufman ion sources, including two sputtering ion sources and one assisting ion source. It also consists of one sample holder and two target holders, all of them are rotatable and water-cooled. Each target holder has four working positions and four rectangular plates of targets could be installed. During deposition, the target holders are manually rotated to allow the required targets to be exposed to the sputtering Ar + beam to obtain desirable sublayer materials. In the present experiment, plates (120 mm × 100 mm × 8 mm) of Ti (99.95%) and Ta (99.95%) were used as the target materials.
One side polished silicon (100) wafers measuring 20 mm × 20 mm × 0.5 mm were used as the substrate. Before deposition, the silicon wafers were ultrasonically cleaned in acetone and alcohol, then rinsed in deionized water each for 10 minutes and dried by hair dryer. In order to remove surface adsorbent and to activate surface atoms, the silicon (100) wafers were bombarded prior to deposition for 20 minutes with Ar 14 ions/cm 2 ⋅s, from the assisting ion source. A field-emission transmission electron microscope (JEOL JEM2010F) equipped with an Energy Dispersive X-ray spectroscopy system was used to investigate the cross-sectional structure of the TiN/Ta multilayer film. X-ray diffraction analysis of the TiN/Ta multilayer film was performed using a D/max 2550HB+/PC X-ray diffractometer (Rigaku Co., Tokyo, Japan) in a grazing incidence X-ray scan using Cu K radiation with a wavelength of 0.15418 nm. Elemental composition-depth profiles of the TiN/Ta multilayer film were constructed using a PHI-P700 scanning auger microscopy system. An electron-beam with the accelerating voltage of 5 kV was used to excite auger electron emission from the sample surface. The ion incidence angle was about 30
∘ with respect to the sample surface. Thermal oxidation SiO 2 /Si was used as the reference material and the etching rate was 1 nm/min. Residual stress of the films was studied using a substrate curvature method, in which the radius of the curvature of the film/substrate was measured and the Stoney Equation was used to calculate the residual stress of the films. Curvature radius of the film/substrate system was measured by an ADE Phase Shift MicroXAM-3D surface profilometer. Nanohardness (H) and elastic modulus (E) of the as-deposited TiN/Ta multilayer film were analyzed by a NHT 2 nanoindentation tester (CSM Instruments SA). In all the tests, the measurement results of 3 indentations on different surface positions with a spacing of 20 m were averaged as the mean values. In order to study fracture toughness of the TiN/Ta multilayer film and the TiN monolayer film, a Tukon 2500 hardness testing machine with a diamond Vickers indenter from Wilson Hardness Group was used. The load of 0.2 N was applied. The testing dwell time was 10 s. Bonding strength of the film/substrate was analyzed by a NST nanoscratch tester (CSM Instruments SA). Differential scanning calorimetric (DSC) and thermogravimetric analysis (TGA) (Netzsch STA 449F3) were performed in ambient air to study the thermal stability of the films. The heating rate was 10 ∘ C/min and the temperature ranged from room temperature to 700 ∘ C.
Results and Discussion

3.1.
Microstructure. The as-deposited TiN/Ta multilayer film was observed by transmission electron microscope operated at 200 kV. The cross-sectional microstructure is shown in Figure 2 . The modulation period and the individual layer thickness can be determined. The modulation period of the TiN/Ta multilayer film is ∼5.6 nm. Both the TiN (bright) and Ta (dark) sublayers have the thicknesses of around 2.8 nm. The selected area electron diffraction pattern of the TiN/Ta multilayer film shows a spotty-discontinuous ring pattern (see Figure 2) . Diffraction ring matches with (111) plane of face centered cubic TiN phase. X-ray diffraction pattern (Figure 3 ) also shows the TiN (111) peak. As shown in Figure 3 , the peak intensity of the TiN (111) orientation is the strongest one in both the TiN/Ta multilayer film and the TiN monolayer film. From Figure 3 , it can be seen that the TiN (111) peak in the TiN/Ta multilayer film is wider than in the TiN monolayer film, indicating that the TiN/Ta multilayer film has a much smaller grain size. The reason is that the Ta sublayers restrained the crystal growth of TiN, led to the decrease of the grain size. The broadening of the diffraction peaks in this case is possibly due to the nanocrystalline structure of the Ta film. Figure 4 shows the Auger electron spectroscopy depth profile of the TiN/Ta multilayer film. A periodic variation of Ti, N, and Ta concentrations along film thickness is clearly seen. The thickness of the sublayers calculated from Figure 4 is about 2 nm, which is not consistent with the result of TEM observation shown in Figure 2 . The reason of the difference is that the etch rates of 
Chemical Composition.
Mechanical Properties.
Physical vapor deposition methods usually generate large residual stresses inside films [24] .
Residual stress of the TiN/Ta multilayer film and TiN monolayer film was studied using a substrate curvature method; the Stoney Equation [25] listed as follows was used to calculate the residual stress of the films:
where is the residual stress, is the Young's modulus of substrate, ] is the Poisson ratio of substrate, uc is the radius of the curvature of the uncoated substrate, the radius of curvature of the coated substrate, and and are the thickness of the substrate and the film, respectively. In this paper, is 130 GPa, ] is 0.278, is 0.5 mm, is 0.6 m, uc is ∞, and was measured. Table 2 shows the measured curvature values and the calculated residual stress. The residual stresses of both the TiN/Ta multilayer film and the TiN monolayer film are compressive. An obvious reduction of the residual stress can be clearly seen for the multilayer. The residual stress of the TiN/Ta multilayer film is about 72% of that of the TiN monolayer film. It is suggested that the reduction of that of the residual stress was due to the introduction of the Ta sublayers, through which partial residual stress was released during deposition. Figure 5 shows the loading and unloading curves in nanohardness tests for the TiN/Ta multilayer and the TiN monolayer films, in which an indentation load of 10 mN was applied. Both nanohardness (H) and elastic modulus (E) of the TiN/Ta multilayer film and the TiN monolayer film were calculated from the plots of Figure 5 . The results are plotted in Figure 6 . It can be seen that the nanohardness of the TiN/Ta multilayer film is 24 GPa, 14% higher than that of the TiN monolayer film. This is because the TiN/Ta multilayer film has smaller grain size than that of the TiN monolayer film.
The ratio 3 / 2 can be used to measure the elasticity of a film. Particularly, a high value of 3 / 2 is an indicator of high elasticity of the film [26] . The 3 / 2 value of the TiN/Ta multilayer film, calculated from Figure 6 , is about 0.28, 3.5 times as high as that of the TiN monolayer film. It means that the TiN/Ta multilayer film has higher elasticity than the TiN monolayer film.
Fracture toughness is one of the most important mechanical properties for thin solid films. Indentation test with a diamond Vickers indenter was performed to study the fracture toughness of the TiN/Ta multilayer film and the TiN monolayer film. Figure 7 presents the optical images of the indentation. Around the indentation area, significant delamination occurred for the TiN monolayer film. However, there is no obvious crack for the TiN/Ta multilayer film, suggesting that the TiN/Ta multilayer film has higher fracture toughness than the TiN monolayer film. Theoretical analysis and experimental studies indicated that resistance to plastic deformation, fracture toughness, and wear resistance of thin solid films not only correlates with hardness (H) and elastic modulus (E) but also relates to the ratio 3 / 2 [27] [28] [29] [30] [31] [32] . The results of the present study showed that high value of 3 / 2 corresponds to the high cracking resistance, which is consistent with the previous work. Low residual stress is beneficial to higher bonding strength, too. Bonding strength of a film to substrate is normally defined as the energy needed to separate the film from substrate. However, direct measurement of the energy remains difficult. Usually, nanoscratch test is applied to characterize the bonding strength. In a typical nanoscratch test, the critical load , at which failure occurs, is used to evaluate the bonding strength of the film/substrate system. Figure 8 shows surface profiles and scratch tracks of the TiN/Ta multilayer film, as well as the TiN monolayer film. Surface profile of the TiN monolayer film indicates an abrupt increase point in residual depth. The normal load corresponding to this point is the critical load . The of the TiN monolayer film is 45 mN and that of the TiN/Ta multilayer film is around 75 mN. The scratch tracks also show a better bonding strength of the TiN/Ta film than the monolayer TiN film.
Ta has good ductility, it can dissipate energy through plastic deformation and increase the bonding between TiN and Ta. Hence, the cracking does not start at the TiN/Ta interface during the nanoscratch test. Moreover, the TiN/Ta multilayer film has higher elasticity and fracture toughness than the TiN monolayer film. All of them resulted in higher bonding strength of the TiN/Ta multilayer film. Figures 9 and 10. For the TiN monolayer film, exothermic peak and weight loss due to oxidation were shown at about 400 ∘ C. While for the TiN/Ta multilayer film, neither exothermic peak nor weight loss appeared during heating to 700 ∘ C. Results of DSC and TGA indicate that the TiN/Ta multilayer film has better thermal stability than the TiN monolayer film.
Conclusions
TiN/Ta multilayer films with a modulation period of 5.6 nm and modulation ratio of 1 : 1 were prepared by ion beam assisted deposition. Compared to the monolayer TiN film with the same thickness, an increase of nanohardness (14%) was achieved for the TiN/Ta multilayer film. The increase of the nanohardness is due to the introduction of the Ta layers which restrained the growth of TiN crystal and led to the decrease of the grain size. Partial residual stress was released in the Ta sublayers during deposition, which led to the decrease of the residual stress of the TiN/Ta film. A significant increase of the 3 / 2 value (3.5 times) indicated that the TiN/Ta multilayer film has higher elasticity than the TiN monolayer film. Attribute to the increase of elasticity and decrease of the residual stress, both the fracture toughness and the bonding strength of the TiN/Ta multilayer film
